A spatial resolution investigation of the OCTOPUS TM -IQ scanner in combination with the new BANG3-Pro2 ® polymer gel was performed by scanning a high-contrast needle phantom. The phantom contained five thin needles (0.3 mm diameter) embedded in gel positioned in different patterns: needles were inserted (a) at 45° angle from the center of the gel container, and (b) vertically along the gel axis. The non-irradiated needle phantoms were scanned at various slice spacings (0.25-1.0 mm) and for two different laser beam orientations. Optical density profiles and their full width at half maximum (FWHM) were evaluated for resolution limit. The modulation transfer function (MTF) corresponding to measured point spread function (PSF) data was calculated. With high resolution scanning mode and 0.25 mm pixel resolution, the measured PSFs at the center of the gel dosimeter have a FWHM of 0.95 mm.
Introduction
In 1996, Gore et al. (1) introduced a high-efficiency and high-sensitivity method of measuring three-dimensional (3D) dose distributions using polymer gel dosimeters in conjunction with an optical CT scanner. Advantages of optical CT scanning techniques over other 3D gel readout systems such as magnetic resonance imaging (MRI) and x-ray CT have been addressed in several studies and include better resolution, less noise, and considerably lower cost (1-6). High-resolution 3D dosimetry is a particularly valuable tool for quality assurance (QA) of highprecision radiation therapy methodologies, such as intensity modulated radiation therapy (IMRT) or proton beam dosimetry. Particle-beam dose distributions, as well as those delivered by IMRT, are characterized by sharp dose gradients both in lateral dimensions and at the distal end of the distribution. While these sharp gradients allow the dose to be tailored precisely to the target volume and thus avoid nearby critical structures, it also imposes much more stringent constraints on the spatial accuracy of treatment delivery. Therefore, high-resolution, 3D dosimetry is inherently important for quality assurance of such applications. Historically, ion chamber measurements have been the gold standard for dosimetry measurements (7) . Ion chamber measurements are limited to yielding point dose values, and may be moved or placed in multi-chamber arrays to obtain 1-or 2-D dose profiles. Regardless, the maximum resolution achievable by this method is limited due to the finite size of the chamber. Although not problematic in low-dose-gradient regions, this volume effect was shown to introduce deviations as large as 8% in the penumbra measurements in small-field IMRT studies (8) . In contrast to ion chamber dosimetry, gel dosimetry has been shown to be a viable tool for measuring high-resolution 3D dose distributions (9).
Several studies have presented dosimetric characterization techniques of the optical CT scanner and gel dosimetry system (1, 3, 5, (10) (11) (12) (13) , while few have focused on the image resolution properties of these systems (2, 13) . In a previous study (9), a series of tests were performed to evaluate performance and characteristics of an earlier version of the optical CT scanner, OCTOPUS TM -5X using BANG ® gel dosimeters. The preliminary evaluation showed that a properly characterized optical CT readout system combined with the BANG ® gel dosimeter is a viable tool for measuring high resolution 3D dose distributions from X-ray deliveries. In our previous study (14), the new OCTOPUS TM -IQ optical CT scanner was introduced and its dosimetric performance was evaluated. The new scanner has many design improvements, including better scatter rejection, and adjustable resolution capability. It is essential to evaluate its imaging performance in combination with the new, protonsensitive BANG3-Pro2 ® polymer gel formulation.
In this study, we describe a comprehensive approach to quantify the imaging properties of the recently introduced optical computed-tomography OCTOPUS TM -IQ scanner and the new formulation BANG3-Pro2 ® polymer gel dosimeter (MGS Research Inc., Madison, CT) . It should be emphasized that BANG3-Pro2 ® was formulated specifically (although not exclusively) for use in therapeutic proton beams and was shown to be a promising candidate for 3D proton dosimetry (14) . In this work, we focus on reporting the system's spatial readout resolution and imaging quality by investigating the modulation transfer functions (MTF) along all three dimensions for different image reconstruction pixel sizes and as a function of off-axis distance. Note that from this point on, the optical CT OCTOPUS TM -IQ scanner in conjunction with the new BANG3-Pro2 ® polymer gel formulation will be referred to collectively as the gel dosimetry system.
Materials and Methods

3D Gel Dosimetry System Description
Scanner Description: A schematic diagram of the dosimetry system is shown in Figure 1 . There are several significant improvements in the OCTOPUS TM -IQ scanner over its predecessor the OCTOPUS TM -5X scanner. One of the major modifications in this version is that the laser beam is directed by a rotating mirror, eliminating the need for two scanning mirrors used in the previous version. To collimate the laser beam reflected by the oscillating mirror, a collimating aspheric Fresnel lens is used. The light emerging from the refractive index-matching solution in the tank is focused by a collecting Fresnel lens onto the aperture of a large-area photodetector (model 2031, New Focus Inc., San Jose, CA). Both lenses are stationary and are positioned at opposite sides of the matching liquid tank measuring 34.3 W 3 34.3 L 3 47.4 D cm 3 .
A single vertical linear stage holds the oscillating mirror, photo-diode laser and the collimating lens assembly. The laser beam is positioned at the focus of the first collimating lens. During the scanning process, the mirror pivots to sweep the laser beam across the tank containing the refractive indexmatching solution and the gel dosimeter. In its path through these media, the laser beam experiences several reflection, refraction, and diffusive scattering events (1, 2, 13) . In this study, the effect of beam reflection and refraction on the gel has been minimized by closely matching the refractive index of the solution around the gel container and the refractive index of the gel itself. The solution consists of distilled water and glycerol (30% by weight). Using this composition, the refractive index (n) of the solution is equal to 1.381 at the wavelength of 589 nm and at the temperature of 25 o C. Maintaining this refractive index match is crucial for consistent signal output, and therefore, the refractive index-matching solution was measured before each scan using a digital minirefractometer (Reichert Analytical Instruments, Depew, NY) to insure output constancy. The center of the photodetector aperture is positioned at the focus of the collecting lens, which minimizes the contribution of the scattered light to the photodiode signal. Another scatter-rejection feature is the increased distance between the center of the gel and the aperture of the photodetector -80 cm as opposed to 50 cm in the 5X scanner model.
The gel cylinder rests on a turntable at the bottom of the scanning tank, but the turntable is idle and serves only to support the gel and to restrict its lateral movements. The mechanism driving the gel's rotation is mounted above the scanning tank so that the gel container is firmly held both from the bottom and from the top. The mechanism is fitted with a circular 360° inscribed dial to insure maximum gel positioning accuracy for pre-and post-irradiation scans.
There are three stepping motors in the system. Functionalities of each motor are as follows: motor 1 is used for pivoting the mirror carriage; motor 2 is used for vertically moving the laser-mirror-lens platform for multiple slice acquisition; and motor 3 is for rotating the gel container. Input parameters for operating these motors are specified in a real-time computer controller program (MGS Research, Inc., Madison, CT), which not only is used for controlling the stepping motors, but also for communicating with the data acquisition module as well.
Data Acquisition and Control Software: During the scanning process, the analog/digital (A/D) digitization board (Data Translation, Inc., Marlboro, MA) converts raw analog data into digital signal transmissions at 16-bit resolutions at A/D voltage ranging from 0 to 10 V. The commercial user interface control software developed by the manufacturer (MGS Research, Inc.) is used for data acquisition, stepper motor control and scanning input requirements such as a number of projections, degrees of rotation, and slice spacing. Data acquisition has improved from the previous generation scanner due to a faster and more efficient process. To acquire a complete slice, the scanner collects 200 projections from of 180° angle rotation corresponding to 0.9° per projection. One of the advantages of the new IQ scanner is the capability of acquiring data continuously, up to 2 3 10 6 sample points per projection, which ensures good statistics for analysis at high spatial resolution. Raw projection data are then processed as a single data vector in the reconstruction algorithm without applying real-time signal averaging technique that was used in the previous scanner. The digitization rate is 100 kHz, allowing the acquisition time of 20 seconds per projection.
The field of view (FOV) is set to 150 mm. The maximum vertical scanable length of the gel is 160 mm. The estimated scan time at 1 mm slice spacing for this volume is nearly 63 minutes, which is significantly improved from its predecessor (24 seconds per slice for IQ model compared to 5 minutes per slice under similar conditions in the 5X model) (9). This improvement is essential for minimizing gel-to-gel dosimetric reporting variations due to extended scanning times post-exposure.
The raw projection data collected by the data acquisition board represent the intensity of light that is transmitted after passing through a medium. The data are then averaged, filtered, and arranged into sinograms using the reconstruction program written in MATLAB ® (The MathWorks Inc., Natick, MA). The integral optical density (i.e., the fraction of light that is attenuated along the optical path) is calculated relative to the intensity of the light that passes through a reference (e.g., matching liquid or non-irradiated gel). The sinograms are then transformed with inverse Radon algorithm and converted to optical density per unit path length (14). The reference images used for spatial resolution evaluations in this study were acquired within the same gel container volume.
BANG3-Pro2 ® Gel Dosimeter:
The BANG3-Pro2 ® gel is nearly water equivalent with an average atomic number of 7.84 as compared to water (Z ave 5 7.22) (15), and the physical density of this homogeneous gel is 1.08 gm/cm 3 . The gels are provided by the manufacturer in sealed, air-tight, clear, cast acrylic, cylindrical vessels with 3 mm thick wall measuring approximately 20 cm in length and 12.7 cm in diameter. The gel cylinder is kept tightly wrapped in opaque paper at all times (except during optical CT scanning) to prevent photoinduced polymerization. The environmental conditions were strictly controlled during the shipping, storage, irradiation, and scanning to minimize spontaneous and photo-induced polymerization in the gel medium and deactivation due to atmospheric oxygen (13).
Diode Laser Properties:
The most significant property of the diode laser used in the IQ model (class IIIa, 635 nm and 5 mW) is its inherently elliptical beam cross section as opposed to the circular cross section pattern delivered from the He-Ne laser previously used in the 5X model. The elliptical shape of the beam cross-section is a consequence of the geometry of the laser active layer. Laser diodes have a thin active layer with a rectangular cross-section, and therefore the light spot emitted from the edge of the active region has elliptical shape. The long and short axes of the ellipse are 0.8 mm (along E-field vector) and 0.2 mm (along H-field vector). The orientation can be adjusted at the beam exit aperture. In this work, two different orientations were used and are referred to as vertical fine resolution (VFR) and horizontal fine resolution (HFR). Vertical fine resolution refers to the orientation with the short axis of the ellipse parallel to the vertical (z) axis, while in the horizontal fine resolution orientation, the short axis of the ellipse is along horizontal (x) direction (cf. Figure 1 for axes directions). The elliptical shape of the beam cross-section allows to select a larger or smaller spot size, depending on the objectives and conditions of a particular measurement. Since the resolution of the image is, in part, a function of the incident beam cross-section, the direction of the shorter axis will have higher resolution capability. The flexibility in choosing fine and coarse resolutions during scanning may be beneficial for certain dosimetric applications, such as proton beam dosimetry, where detailed mapping of the distal end fall-off of the beam is desirable for commissioning and phantom QA studies.
Coarser resolution may be beneficial for high-attenuation applications, where noise level can be a problem. The Fresnel lenses are composed of a large number of concentric contours with a density of 100 grooves per inch (nearly 4 grooves per mm). If the beam cross-section has similar dimensions to the groove size, the grooves may cause significant discontinuities in beam intensity. Therefore, a larger beam size may be more desirable, since in such case the intensity is distributed over several grooves, minimizing the effects of the discontinuity.
The choice of a diode laser over the He-Ne laser was motivated primarily by size and design constraints. Furthermore, the beam cross-section of the He-Ne laser is circular with the diameter of about 0.8 mm, which is comparable to the long axis and much greater than the short axis of the diodepumped laser beam cross-section, which may limit the resolution of the system.
System Imaging Properties
The focus of the evaluation of imaging properties of the 3D gel dosimetry system is on image spatial resolution and off-axis dependence in the reconstructed image. For this purpose, two high-contrast needle phantoms were constructed from non-irradiated BANG3-Pro2 ® gel dosimeter.
Each phantom contains five needles (0.3 mm diameter and 25 mm length) positioned in different patterns: needles were inserted (a) at 45° angle from the center of the gel container (gel A Figure 2A ) and (b) vertically along the gel axis (gel B Figure 2B ).
Image Spatial Resolution
The purpose of gel A was to evaluate the resolution of the system along z-direction, which is the longest dimension of the gel dosimeter. For single-field deliveries, irradiating the dosimeter from one of the ends, rather than from the side, allows a greater fraction of depth dose information to be captured. This is particularly valuable for small-field proton beam treatments, where the entrance dose, the plateau region, and the distal end need to be evaluated. Such orientation of the dose distribution within the gel dosimeter requires high resolution not only in the x-y plane, but also along the z direction. Because of the needles positioned at an angle in gel A, the cross section of the needle along x-z plane is an ellipse with the long axis similar at 0.42 mm. This arrangement allows us to acquire an image of the needle cross-section along the vertical direction (y-z plane) as well as along the horizontal direction (x-y plane), which is not possible using the phantom with the vertical needles.
During the scanning process, the laser was set to VFR (described in sec. 2.1.4) to ensure the highest resolution along the z-axis. Gel A was scanned at a 0.25-mm slice spacing and reconstructed at 0.25, 0.5 and 1.0 mm image pixel sizes to evaluate the effects of pixel size on the resolution in the reconstructed image (16). The corresponding optical density profile of needle 1 of gel A (cf. Figure 3) for various image pixel sizes was constructed. The large number of slices was acquired to ensure that the region contained a no-needle (blank) slice. These blank slices were used for the reference subtraction in the reconstruction process.
To quantify the impact of the pixel size on image properties, MTF curves were analytically derived from the data in Figure 3 . The detailed description of the approach used in this work can be found in (17.) It relies on the observation that most point-spread functions have radial symmetry and can be approximated by a Gaussian:
where r is the radial coordinate (mm) and A, a, and e are constants. This assumption allows the Fourier transform (and hence the MTF) to be calculated in closed form, without resorting to numeric integration, with the only parameter being a, which is related to the FWHM of the PSF in the form 
where b 5 −ae. If ln(1/PSF) 1/2 is plotted against the radial distance (r), the slope of the line (a) can be obtained from the linear regression fit. In our case, the correlation coefficient of the linear regression fit ranged from 0.994 to 1.00, indicating the good quality of the fit and confirming that experimental PSF is well approximated by a Gaussian function.
The parameter a was then used to calculate the MTF using the following equation, valid for a Gaussian PSF (17):
where n is spatial frequency in line pairs per millimeter (lp/mm) and a is the slope of the line obtained from in Eq. 2. It should be noted that the MTF discussion above is limited to the specific set of scanning conditions for this study and may not represent the fundamental point-spread function of the system.
Off-Axis Dependence
The phantom referred to as gel B was constructed to evaluate the off-axis dependence of the imaging properties. The needles in gel B ( Figure 2B ) are positioned vertically at radii 13, 26, 40, 54, and 68 mm from the center of the gel cylinder (labeled 1 through 5, respectively) to evaluate potential off-axis resolution dependence. Figure 2(C) shows a magnified high-resolution optical scan image of needle 1 in gel B. Figure 2 (D) displays an image of gel B in x-y plane, illustrating the arrangement of needles in the arc pattern from the center of the gel. With this needle configuration, obstruction of the laser beam by adjacent needles during the scanning process is avoided. Gel B was scanned at 0.25 mm slice spacing using HFR beam setting (as described in sec. 2.1.4) and reconstructed at 0.25 mm image pixel sizes. To analyze the off-axis dependence, the optical density profiles across each of the 5 needles along x-direction were compared. MTF curves were generated following the approach described in previous section.
Results and Discussion
Image Spatial Resolution
The advantage of using the phantom with slanted needles (gel A) was that it allowed evaluating the PSF of the system along all three axes, since the needles inserted at the 45 o angle to the vertical axis present the cross-section of the same shape in all three orthogonal planes. The radial symmetry of the PSF can be inferred from Figure 3 , where the optical density profiles along x, y, and z axes are shown along with the Gaussian fit. The profiles were taken from the dataset scanned at 0.25 slice spacing and reconstructed with 0.25 mm pixel spacing. Good agreement among the three MTF curves shown in the inset further suggests good radial symmetry.
Figure 4(A) shows a series of optical density profiles in the x-z plane for gel A (0.25 mm slice spacing, VFR beam resolution) reconstructed at three different pixel sizes (0.25, 0.5, and 1.0 mm). Optical density images of needle 1, from which the profiles were reconstructed, are shown in Figure 4(B) . These profiles are a convolution of the actual needle cross section (a box function) and the PSF of the system (most likely a Gaussian function), and, as explained below, do not directly yield the resolution limit of the system. The resolution limit of the system is related to its PSF. The PSF, in turn, can be determined experimentally by imaging an object of a negligible size (point-like, compared to the pixel size) and then reducing the pixel size until the response (optical density profile, in our case) no longer depends on the pixel size.
In our case, the physical diameter of the needle cross-section is about 0.3 mm. Because this size is not negligible compared to the pixel size selected for image reconstruction, the FWHM of the image profiles varies, ranging from 0.95 mm to 1.9 mm with increasing pixel size. It is also evident from Figure 4 (A) that the choice of the pixel size affects the magnitude of optical density reported in the reconstructed images. As the pixel size becomes larger, the signal averaging increases resulting in lower optical density per pixel. In principle, the ideal image of the needle should have infinite optical density, because the needles are opaque to visible light. In reality, however, even if the needle is imaged at the waist of the laser beam (0.2 mm along the short axis of the ellipse), the optical density is limited by the contribution of the scatter from elsewhere in the dosimeter. It should be emphasized, however, that because all three profiles in Figure 4(A) were generated from the same raw data set, with the only difference being the reconstruction pixel size, signal averaging is the only reason for the systematic variation in peak optical density. This illustrates the critical importance of keeping this variable constant whenever any two scans are compared (e.g., pre-and post-irradiation scans).
To calculate the MTF, it is necessary to linearize the PSF to obtain the coefficient a. The plots of ln(1/PSF) 1/2 for the three reconstruction pixel sizes are shown in Figure 5(A) , revealing good linearity, which in turn confirms the Gaussian shape of the PSF curves. The calculated MTF and its dependence on the reconstruction pixel size is shown in Figure 5 (B). As expected, the image quality deteriorates with increasing pixel size. Choosing a 10% contrast threshold (MTF 5 0.1), the spatial resolution for 0.25, 0.5, and 1.0 mm pixel size is determined to be 0.5, 0.83, 1.0 mm, respectively, corresponding to spatial frequencies of 2.0, 1.2, and 1.0 lp/mm (Table I) .
Since the Nyquist sampling theorem sets the lower limit of sampling frequency at twice the source frequency (in other words, it takes a minimum of two pixels to resolve a feature), this value may be limited, among other factors, by the pixel size (0.25 mm). While this indicates that the resolution limit of the dosimetry system has not been reached, it is at most equal to, and likely less than 0.5 mm, which is adequate for most dosimetry applications.
Off-Axis Dependence
The measured optical density profiles for all 5 needles in gel B from a single slice are illustrated in Figure 6(A) .
Although off-axis profiles could be obtained from gel A, the angled placement of the needles results in an elliptical crosssection (cf. Figure 4(B) ). Vertically positioned needles in gel B, on the other hand, present a cross section with good radial symmetry (Figure 2(C) ). The profiles were linearized (inset of Figure 6(A) ) and the corresponding MTFs obtained as described above.
As shown in Figure 6(B) , the MTF of the system under these conditions exhibits some dependence upon the radial coordinate, most prominently for needles located farther than 50 mm from the central axis. For the three needles located less than 50 mm from the center, the MTFs are nearly identical, with the 10% contrast (MTF 5 0.1) at roughly 2.1 lp/ mm. This corresponds to the resolution of 0.48 mm (Table II) and is consistent with the results presented in the previous section for 0.25-mm pixel size. On the other hand, for the needle closest to the edge of the gel container, the 10% contrast threshold corresponds to the spatial frequency of 1.35 lp/mm at approximately 0.74 mm resolution and 4.0 pixels. These results suggest that the PSF of the system is shiftinvariant up to 54 mm from the central axis and deteriorates rapidly beyond this value. This is caused by the refraction of the laser beam at interfaces between matching liquid, acrylic container, and the gel medium.
The off-axis reduction in optical density was observed to be monotonic with distance from the central axis and was accompanied by an increase in the FWHM. Such loss or distortion of information at the edges of the gel container is a well-known phenomenon in gel dosimetry (13). This off-axis effect may be explained by the slight defocusing of the laser beam as it scans across a needle. The laser beam is focused at the center axis of the gel; as it moved away from the center, the beam's cross-section slightly increases. Therefore, the farther away from the center the needle was located, the smaller fraction of the beam is blocked by the needle. The off-axis reduction may also due to an imperfect match between refractive indices of the gel medium, the container, and the matching liquid. For these reasons, the useful volume of the gel dosimeter is usually less than its physical volume; the irradiated region is needed to be selected within this useful volume to ensure maximum resolution and avoid off-axis reduction in optical density.
Conclusions
We present in this study an investigation of the imaging properties and spatial resolution performance of the new improved optical OCTOPUS TM -IQ scanner in conjunction with the new, proton-sensitive BANG3-Pro2 ® gel dosimeter. The new IQ scanner is shown to be capable of 0.5 mm spatial resolution Figure 4 (A) (symbols) for reconstruction pixel sizes of 0.25, 0.50, and 1.00 mm, and the linear fits (dashed lines). (B) Modulation transfer functions for different reconstruction pixel sizes calculated using Eq. 3, with parameter a extracted from the Gaussian fit to the PSF using Eq. 2 (see text). Please note that the MTFs for the innermost three needles (1, 2, and 3) are identical and thus appear as a single line. (based on MTF of 0.1) in either horizontal or vertical planes, depending on laser beam orientation. Although high resolution measurements in the vertical plane (i.e., at 0.25 mm slice spacing) do significantly increase scanning times compared to our standard procedure (1.0 mm slice spacing), this scanner model is a significant improvement over its predecessor in this respect. With the earlier generation OCTOPUS scanner, scanning the entire gel volume at 0.25 mm slice spacing would require an unreasonably long time (64 hours), during which physical changes in the gel would undoubtedly compromise the accuracy of the dosimetric information. Unlike radiochromic dosimeters, dose distributions captured in polymer gels are more stable with respect to time since irradiation, because the polymer particles are relatively large and cannot diffuse in the gel matrix. The manufacturer recommends that the dosimeters are read out no earlier than 24 hours and no later than 48 hours after irradiation, with the latter limit imposed to minimize the contribution of the unirradiated background due to spontaneous polymerization. Therefore, the increase in scanning time from 1 hour at 1.0 mm spacing to 4 hours at 0.25 mm spacing is not expected to adversely affect the accuracy of the readout.
The system demonstrates reasonable spatial uniformity, suggesting that the elliptical profile of the laser beam does is not detrimental to image quality. Though the MTF of the system was found to depend on off-axis distance, this effect was marginal up to the maximum useful reconstructed image radius of 50 mm from the gel dosimeter center axis. However, maximum optical density of a needle profile was found to be a strong function of the radial coordinate. This effect is explained by the progressively greater defocusing of the laser beam with off-axis distance.
